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Abstract. Mcasumncnts  of S-band clowlllink  frequency (Doppler) shift
were collected for iutervals of about 3(I clays cluring the 1994 and 1995 solar
conjuuctiom  of the Galileo spacecraft. ‘1’he occultation geometries enabled
coronal raclio souuding of the heliographic cquatoral region over a llclio-
ccntric range from about 5 to 20 Its (solar radii) for tllc 1994 conjunctioll
atlcl  frolu about 4 to 35 lLS for tllc 1995 colljullction.  Spectral alalysis

was carriecl out with the S-batlcl I)opplcr  scintillations to determine the
strength and spectral distribution of coronal electron density  fluctuations.
Cross correlations of the Galileo clownlink  signals reccivccl  simultaneously
at two ground statiolls  were com~)uted  to obtain the propagation velocity
of plas~t~a  clisturbanccs  crossing tile ray ~Jatlls.

Introduction

The Galileo Sc)lar Corona Exlwrimcnt (SC15) was performed durillg the
spacecraft’s su~)crior conju]lctions  itl December 1994 atld December 1995.
Doppler measurelllcnts  of the spacccraft]s S-band do~vlllink  sigllal were
mcorclecl for intervals of about 30 days using the 70-111 antennas of the
NASA DCCJJ  Space Network (I)SN) at Golclstonc (California), Catll)crra



(Australia.) and Madrid (Spaiu), lluting  these periods the radio ray path
from Galileo to Eartl] Inovccl essclltially  ~mallcl to tllc solar equator, soutld-
ing the circumsolar plasma at low heliographic latitudes duriug  solar mini-
lll~lt~lcorlditiolls.  Me<w~lrclllcl~ts  oftllcrcsicl~l:~  lDo~)~)lcrsllift at S-band (j.
= 2.3 G}Iz) arcanalyzecl  in this paper todctcrmitle  t~lcrilCli:Lldc~)clldellcc
of coronal plasmaparamctcrs  such as the electron dcllsity fluctuations alld
propagation velocities.

kHCd  on aSSU1llptiO1lS  Silllilal  tO thOSC  appliCd fOr dcrivatiou Of a col”ollal
electron density model [3], the raclial dcpcllclcnce of the clectroll clcmity
fluctuations is dctermiucd.  Frequency fluctuation spectra arc computed axld
USCCI to obtai~l tllc spectral ixldcx of the t}lrcc-dilncllsiollal wavellu]nbcr
spectrum of tllc electron density fluctuatioxls.  The ~)ropagation  velocity
of plasma inhomogcncities  is derived fronl a cross-correlation analysis of
silnultaneous  overlapping measuremcllt,s  at two different ground stations.
Similar analyses have been performed for the Vencra-10  and Vcncra-15/16
experiments [4, 8], as well as for the Vikil~g [1] and Ulysses [6] radio science
itivest  igat ions.

Coronal Radio Sounding with Galileo

‘l’hc radio  equip~uent  011 Galileo was designed to o~)cratc  itl two diffcrc~lt
radio science modes. in the two-way Hlodc tllc downliuk frequencies were
cc)utrollcd  by tllc coherent turllarouml  of all uplink  signal. Alternatively, a
one-way mode could be usecl, where the dowlllink  signal was derived from an
onl)oard  ultrastablc oscillator (US()). I)ue to the failure to deploy tllc High
Gain Antema (IIGA),  the one-way mode at S-baud was used for most of
tile l)oppkr  lIl(:asIIIc:IIIcllts cluri~lg  tllc solar coxljutlctiolls  ixi 1994 and 1995.
Only sporadic two-way measurclncnts  could be performed because of the
difficulty to maitltaill a two-way radio link with tllc low signal strexlgth
available via the spacecraft’s I,owT Gaiu Antcnua (I, GA). Iu spite of this
reduced radio scicllce capability, analyses of the data have delnonstratcd
that a large ~)art of t~lc originally ~)roposed  scientific obj[!ctives of tile Galileo
SCE [5] could be achieved.

Characteristic parameters of radio waves sucl~ as the pllasc  atlcl grou~)
velocity will be alt,erccl during pro~)agatioll  through atl ionized nlcdium. Any
cim~lgc  in tllc clcctroll  density of tllc coronal plasma along  tllc ~)ro~)agatioll
~mth between  sl)acccraft allcl l;artll will produce a change in the phase
of the received carrier sigllal, corrcspolldillg  to a Do~Jl)lcr shift ill signal
frcqucucy [2]. ~’hc DoJJplcr  shift observed at the ground station is thus not
ouly proportional to the relative motion between s~)acccraft  aud ground
a:ltcnxla, but also promotional to tllc tix~lc derivative of the clcctroll  density
integrated alolg  the propagation path (electron content). ‘1’he Doppler sllift
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also contains a term due to frequency deviations froln the instabilities of
the onboarcl  USO.

Coronal Electron Density Fluctuations

The standard deviations of L)oppler fluctuations for the ingress and egress
phases of the Galileo solar occultations in 1994 (up~)cr panel) and 1995
(lower panel)  arc shown in Fig. 1. L)uc to the IIGA failure, the mcasurc-
mcnts were performed in one-way mode using the onboard  USO. The hor-
izontal dashed lines indicate the inherent stability of this USO, as defined
by the square root of the Allan-variance at 1 s sampling time aC,so/~O  m
3 x 10-11 [5]. This converts to frequency fluctuations of U[,so N 0.07 IIz
at S-band. The flattening of the curves at larger solar offset distances is
a result of the limited USO stability. Scientific analysis of coronal plasma
fluctuations is thus restricted to fluctuatiox[  amplitudes above the dashed
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Figure f, Doppler staudard deviation versus solar offset clistax~ce for the occultatic,x~s
iu 1994 (upper pauel)  aud 1995 (lo\ver panel)

As mentioned earlier, the Galileo/Earth  line-of-sight moved essentially
parallel to the solar equator during these solar occultations, sounding the
solar corona at low heliographic latitudes. Neglecting any latitudinal cle-
pcndcnce,  the coronal electron density can thus be described as a function
of solar distance by a single power law throughout region ~Jrobed  by the
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Galileo liue-of-sight  [3]:

R, o

( )
N ( R )  = IV,j . ~ for R >4 Its (1)

l{anging measurements, which could have provided information about the
electron density distribution, were not performed during the Galileo SCE
due to the restricted radio science capability. As a result, only inform-
ation about electron density fluctuations levels could be derived fronl the
available Iloppler measurements.

In analogy with the approach to an electron density model, a log-log
linear least-squares fit was computed for the Doppler standard deviations
and plotted in each panel  of Fig. 1. A purely radial model was employed
for the electron density fluctuatioxl  level:

Rs ~()ON(R)  =  a.A,rf,  .  ---–
R

(2)

Using this formula for the coronal electron density fluctuations, the radial
dcpcndcmce  of the
single power law in

af (R) =

mean Doppler fluctuation can be approximated by a
R:

where c is the speed of light, ~. is the signal frequency, A == 40.3 1113/s2
is a collstant,  IL = dR/dt is the tra~lsverse speed of the line-of-sight ill the
plasma and

~{(p)  ,. ,  ~:[(fl  –  1)/21.
r’(/5’/2)

(4)

with ~ representing the Gamma function. ‘i’he Doppler fluctuation levels
approximated by Eq. (3) for the ingress aud egress phases of the 1994 and
1995 solar occultations arc shown ill Fig. 2. It can bc scc~~  that the Ilo}>plcr
fluctuation level for the egress phases (line-of-sight is moving away from
the Sun) are greater for R < 10 Rs than for the ingress phases (line-of-
sight approaching the Sun). A steeper clecreasc  with increasing solar offset
distatlces  is obtained for the data in 19!)4. Tllc values of the least-scluarcs fit
parameters a~rB and ~ for the electron clcnsity fluctuation levels arc given
in Table  1. Parameters dctcrmiued for the Galileo occultations during a
period of low solar activity arc compared to those clcrivccl for the Ulysses
occultation in August 1991, a period of remarkably higher solar activity.
As expected, the n~eall  coronal density fluctuations at times of low solar
activity are significantly lower thau the fluctuation levels at times of high
solar activity.
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Figure  2. Mean l)opplcr flucluatiorl  level vemus  solar offset d i s t a n c e

TABLE 1. Radial Fit Parameters for Three Solar Corlju~lctions
-. . ..- .. ——. —--—

Conjuuctiou Ingress phase Egress phme
UN’, [cIIIS] P ON,, [C*,)3] B

U l y s s e s 1991 I, O1+O.35X1O6 2.47+0.11 0.77+ 0.25x106 2.41+0.10

C+aliko 1994 2.07+  0.66x104 1.74+-0.11 5.2 S+1.03 X1 04 2.02+0.07

Oalileo 1995 O54+O.O7X1O4 0.98+.0.06  I .77+0.69x104 1.13+0.09

An additional iuvcstigation was carried out to clcrivc the sl)ectral  iuclex
of the three-clil~lexlsiollal wavcnulllber  spcctrulll  of tllc clectroll density fluc-
tuatioxls.  Assulning a siugle power law for tllc tlllcc-dit[lcllsiollal  electrc)n
density spectrum with spectral iuclcx p ald applyiug the Rytov approxi-
mation, the power spcxtrum of tllc frecluency fluctuations call be dmcl ibecl
as follows [9]:

Q)f(w) == 0.234. T2 . k2 . Le . C;(R) . v~’-  2. K(p) . W3-”P (5)

where k is the wa.vcnumbcr,  l,C is the cficctivc  tllickllcss  of tllc plasma layer
causiug the fluctuatiol]s, CIL is a radially clc~)cnclcnt  structure constant alid
v is th[! solar wind spcccl.  l’hc ~)owcr s~)cctrutn in Eq. (5) falls off with w
according to tllc exponent (spectral iudcx) ?nj = p - 3. Temporal power
spectra were com~)utecl from a clata interval of 4096 fmqucncy  satllplcs
usiug a staudarcl  FFr~ algorithm. The spectral it~clcx nlj was obtaiucd  by

al)plyiug  a power law flt to the cIata ill tbc fmclucncy rauge from 5 to 50
m}Iz. ‘The electron clensity  fluctuation spectral index for tllc ingress aucl
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egress phases of the Galileo 1995 solar occultation is shown in Fig. 3 as
a functioll of solar oflsct distance. l’hc spectral index  was determined for
data from each trackixlg pass of sufficient lcllgth. The dashed line dcllotcs
t}m Kolmogorov  value for isotropic turbulence (mf = p – 3 = 2/3). The
mean spectral index for the ingress phase is ji = 3.60 and for the egress
phase F = 3.61, respectively, which arc C1OSC to the Kolmogorov  value,
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Plasma Propagation Velocities

The propagation velocity of plasma inhcmlogeneitics  in the solar corona was
dctcrmillccl by computing the cross comclation  of I)oI)~Jlcr  lllcasurclt~cnts
recorded simultaneously at widely-spaced ground statiolls.  I’lasloa  inllo-
mogcneities  moving outward from the Sun will intersect the two ray paths,
spatially separated ill the corolla by a clistatlce  d, at different times. By
computing the cross corrclatioll  of simultaneously recorded Doppler mea-
surements, tllc time lag  7T,L needed to transit across both radio  ray pat}ls
can bc obtained from the maximum in the cross-correlation function. Us-
ing the time lag and the sl)atial  separation of the ray paths, the apparent
plasma propagation s~)cccl  is then dmivcd from [6]:

(6)

Such cross-correlation methods cal~ be used for evaluation of plasma propa-
~atioI1  velocities whenever two radio links,  either two downlitlks  to differcllt
ground stations or u~)lillk/clo\vl~lillk  to onc ground station, arc available si-
~llultaneously.  Due to the leduccd  radio  sc.icnce capability (one-way moclc,
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only S-band), no uplink/clowlllink  cross correlations [7] could he performed
during the Galileo solar conjunctions. In contrast to the uplink/cIownlink
method, where  only onc ground station is rccluirccl, the two-statiou cross-
correlation analysis requires two ground-based rcccivcrs.

The calculated propagation velocities of the plasma inhomogcncitics
arc shown in Fig. 4 as a function of solar offset distance. No propagation
velocities could bc obtained for egress 1995 because only one ground station
(1)SS 14, Goldstonc)  was available for recording the IIopplcr data.
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Figure 4. I’la.mla  plopagatio[l  velocities versus solar  offset distauce

Significant correlation maxima (correlation cocfficieuts greater thau 0.1)
WCIW  obtaillcd over the range of solar ofl_sct  clistallccs  fro~tl  al)out  8 to 20
RS for the 1994 conjunction and from about 15 to 30 Rs for the 1995
conjunction. q’hc itlfcrrccl
solar ofIsct  distances frolrl

Conclusion

pro~)agation velocities itlcreasc with increasit~g
about 120 km/s (8 Rs) UIJ to 350 km/s (30 R~).

111 view of the generally goocl  cluality of these preliminary scielltific  results,
the Galileo Solar Corolla Expcrimcllt  during  tllc 1994/95 solar occultations
call be proclaimed a succcss in spite of the loss of the Galileo FIC~A. S-band
l)oppler  measurements were used to dctermim  the level and spectral in-
dex of coronal electron  clmsity fluctuations. Corrcsponcling to the lower
solar activity in Dccemt~cr  1994 atld Dcccmbcr  1995 , significantly lower
fluctuation lCVCIS  vmc obtaiucd  during the Galileo occultations than du~-
iug the Ulysses occultation in August 1991. A cross-corrclatioll  analysis of
two-station measurements was performed to clctcminc the propagation ve-
locity of plasma disturbat]ccs ill the coronal plasma. Sigllificaut  correlation



maxima were fouucl  at heliocentric distatlccs  from about 8 to 30 R~. lhe
propagation speed of ildlomogcnicties  in the solar corona shows au increase
over this hcliocc~ltric  range fro~[~  about 120 k~n/s up to 350 km/s.
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